The differential segm ent of th e X -chrom osom e of Cricetus auratus w hen its nucleic acid charge is reduced appears as a th in , unspiralized a n d u n d erstain e d th re a d . This happens u n d er all conditions w hich lower th e frequency of sperm atogenesis an d in p ro p o rtio n to th e ir effect in doing so, viz. w in ter conditions (anoestrus), un d ern o u rish m en t, disease an d old age. The frequency of th e effect is v ariable, ranging from nil to 90 % o f cells in a given testis. I n up to 3 % of cells, th e sta rv a tio n of th e differential segm ent is recognizable b u t incom plete. I n 10 % th e sex b iv alen t could n o t be recognized an d its differential segm ent w as assum ed to be fully charged. W hen conditions lead to ex trem e nucleic acid depletion th ere is some failure of chiasm a fo rm atio n a n d m etap h ase pairin g of b o th autosom es an d sex chrom osom es. This ind irect d e p riv atio n of nucleic acid, like th a t d irectly induced by cold, suppresses spiralization an d hinders division or sep aratio n of th e chrom osom e th read s. E x trem e food starv atio n , com bined w ith senility, stops sperm atogenesis a t th e p ach y te n e stage, presum ably owing to p ro tein as well as nucleic acid starv a tio n . The v ariab ility of nucleic acid charge in a w arm -blooded anim al as opposed to its reg u larity w hen reduced by cold in p la n ts a n d A m phibia seems to be due to its dependence on th e supply of ribose nucleic acid an d n o t on th e sim pler chem ical process of conversion of th is supply into th e desoxyribose form . T he sen sitiv ity o f h etero ch ro m atin to v ariatio n in nucleic acid supply m akes it possible to use its beh av io u r as an in d icato r of nucleic acid m etabolism .
I n t r o d u c t i o n
The golden hamster ( C r i c e t u so r Mesocricetus auratus), a small rodent shows remarkable behaviour at meiosis. In a proportion of spermatocytes the differential segment of one of the sex chromosomes, presumably the appears as a thin, unspiralized and understained thread at first and second metaphase (Roller 1938) . Similar understained segments have been described in the chromo somes of Paris, Fritillaria and Trillium by Darlington & La Cour (1938 , 1940 , 1941 when the plants were kept at low temperatures. These authors showed that the segments which were negative to Feulgen's reaction were undercharged with desoxyribose nucleic acid in metaphase and overcharged in the resting stage: they were composed of heterochromatin. They suggested th at the condition found in the hamster was similarly due to nucleic acid starvation of the heterochromatin.
I adopt the term ' starvation ' used by the previous workers without any implica tion as to the means by which the depletion, deprivation, or mere deficiency of nucleic acid arises. In Triton, where low temperature is the determining condition, Callan (1942) has shown th at it acts, not at mitosis, but only at meiosis, after a diffuse stage when a nucleic acid store in the hetero chromatin is absent. In this case the starvation seems to be genuinely due to a lack of supply inside the nucleus, combined with lack of admission of its precursors from outside the nucleus. Again, Darlington & La Cour (1945) have shown th at irradiation, which increases the ribose nucleic acid content of the cytoplasm, abolishes the nucleic acid starvation of the cold-treated hetero chromatin in Trillium. The mechanism of nucleic acid deposition may, however, break down in many different ways. It seemed, there fore, worth while attempting to identify the factors which reveal this particular segment in the hamster and act as heterochromatin differentiators.
Observations which I have collected during the past six years indicate tha£ several factors modify the exceptional nucleic acid cycle of the heterochromatin in the hamster. In young hamsters, kept on normal diet and at the peak of the breeding season, the sex bivalents and autosomes can rarely be distinguished in either shape or behaviour. But in old animals, or young ones out of season, the X Y pair can be identified in the majority of spermatocytes by the thin, understained differential segment. I t came to light incidentally, in 1938, that the hamsters which first showed the unspiralized segment of the sex chromosome in nearly all spermatocytes were not only old, but undernourished too. I therefore decided to investigate the role of four factors-age, breeding season, diet and disease-on the nucleic acid charge of the heterochromatin. M a t e r i a l a n d t e c h n i q u e
The animals used for experiment were derived from a stock, the origin of which was described in the previous paper. They were all descendants of one female and her twelve young captured near Aleppo in 1930 and introduced into this country by Professor E. Hindle (Bruce & Hindle 1934) .
Over forty males were kept, two to four together, in wire cages measuring 35 x 40 x 20 cm. The temperature of the well-lit breeding house varied usually between 20 and 23° C. I t rose occasionally to 28° C in the summer and dropped to 18° C in the winter.
The two testes of the same individual (referred to as a and b in the tables) were fixed at different times. The animals recovered within 3-4 days from the effect of unilateral castration, and their mating habits remained as before. Pieces of testis were fixed for 6 hr. in Flemming's solution modified by Minouchi. Sections were cut at 20-25ju, stained with Feulgen's basic fuchsin or gentian violet. Smear preparations were also made and stained with acetic lacmoid and orcein (Darling ton & La Cour 1942) . All these methods gave similar results.
Meiosis takes place in different parts of the testis at different times. The number of spermatocytes with and without the thin, unspiralized differential segment of the sex bilavent was counted in the seminiferous tubules. In about 10 % of cells the sex bivalent could not be seen, and these cells were counted as non-starved. There is variation in the frequencies between different regions in the same testis and between the two testes (table 1). This variation can be partly attributed to the fact th at in about 3-5 % of cells the nucleic acid starvation of the differential segment is incomplete and these may have been classified variously. Allowing for this, variation of the frequencies is always within the range of sampling error in any individual testis; therefore only one region with cells in meiosis was analysed from each.
The behaviour of the differential segment
In the golden hamster with 38 chromosomes the differential segment cannot be identified at mitosis or during oogenesis (Husted, Hopkins & Moore 1945) . In the striped hamster ( C ricetu lu sgriseu s) with 14 chromosomes, a related species China, the X and Y differ in size and are larger than any of the 16 autosomes (Pontecorvo 1943) . At meiotic metaphase the differential segment varies greatly in both species. It is represented in some spermatocytes as a long, thin, slightly stained thread; the length of this thread is sometimes twice that of the pairing segments of the X and Y chromosome; in other cells it is short and thick (figure 1). Length, diameter and degree of staining Vary together, the shorter the thread the greater its diameter and the deeper it stains. The shortening and thickening of a chromosome is known to be determined by spiralization which is conditioned in turn by the nucleic acid charge (Darlington 1942). The differential segment may show' extreme nucleic acid starvation in one cell while its charge is normal in an adjacent cell. Between these twro extremes even gradation can be seen in different spermatocytes, but the variation is of the sam< order in the two testes. Spermatocytes showing the starved differential segmen may be grouped together or distributed at random within the seminiferous tubule The degree of nucleic acid starvation within a cell must depend on developmenta variations, but this is not reflected in any regular position of the starved cell within the seminiferous tubules. Spiralization fails only where nucleic acid starva tion is extreme, as in polyploid species of Trillium and Paris wdiere the amount c heterochromatin is small, or ow'ing to the other special conditions already mentionec as in Triton (Callan 1942) . In these organisms no intermediate nor variable degrees of spiralization have been found, but it should be noted th at in all of them the determining factor is temperature, which, of course, cannot be used as an experi mental agent in a mammal like the hamster. The variation in the hamster therefore seems to be due to a more complex and indirect control.
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Both types of sex bivalent, symmetrical and asymmetrical, with chiasmata on differential and non-differential sides of the centromere respectively, are formed during meiosis (figure 1 A and B; also see figure 12, diagrams, Roller 1938). When the differential segment is undercharged both types lie off the equatorial plate. The symmetrical X Y bivalent is displaced towards the pole, the asymmetrical to one side of the plate (figure 2 A, B, C and plate 5, figure 4). The abnormal position and lack of co-orientation suggest a weakness of the centromere. Similar behaviour was observed in the heterochromatic B-chromosomes of maize (Darlington & Upcott 1941) , and Sorghum (Darlington & Thomas 1941) , and several other plants.
At first meiotic anaphase the ends of the thin and undercharged chromatids of the differential segment are sticky and remain associated as in cold-treated Paris ( figure 2D ).
Occasionally the sex chromosomes fail to pair. The differential segment was then always completely'starved (figure 3 A). In such cells and in no others autosomes were sometimes unpaired too and the spindle somewhat disorganized ( figure 3B ). Thus depletion of the heterochromatin is a symptom of a general disturbance of cell activity.
F ig u r e 3. S p erm ato cy te s w ith u n p aire d sex chrom osom es (A) an d autosom es (B). x 2300.
Breeding season and age
The natural mating season seems to extend from April to October. Gestation lasts 16 days. In captivity, litters may be borne throughout the year by animals kept warm under healthy conditions. Fertility, however, is much lower out of season and the testes are smaller, particularly in animals over 12 months old. The number of cells in meiosis decreases also, but spermatogenesis is not arrested during the non-breeding season. In this respect hamsters differ from mammals which hibernate during the winter, such as the ferret and the mole (Roller 1936) .
Male hamsters are sexually mature as early as 2\ months after birth. In the second breeding season spermatogenesis is greatly reduced; the seminiferous tubules are filled with debris of degenerated cells. Sperm was still present in the testis and epididymis of 24 months old males in June, but the animals failed to mate.
The numbers of spermatocytes showing the starved differential segment are given in table 2 for age and season. Frequencies from brothers are considered together. In the youngest animal analysed, aged 2\ months (number' 26), the spermatocytes of neither testis showed any nucleic acid starvation. The 19 bi valents, including the X Y, were packed close together and formed a small equatorial plate. The sex bivalent could not be identified because the differential segment was not unspiralized. On the other hand, in a 28 months old male (number 14) the majority of spermatocytes showed starvation. It was in this male th at sper matocytes with unpaired sex chromosomes and autosomes were found (figure 3 A, B, and plate 5, figure 6).
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of the hamster 319 The data in table 2 and in graph 1 show th at both age and breeding season are factors which influence the nucleic acid charge of heterochromatin during meiosis. They also influence spermatogenesis in a parallel manner. When spermatogenesis is active, nucleic acid supply is free. When spermatogenesis is restricted, nucleic acid supply is still more restricted and starvation results. 
M\ b re w in g season
Gra p h 1. T he average freq u en cy curves of sp e rm a to c y tes w ith th e nucleic acid starv e differen tial segm ent are show n for 6 a n d 24 m o n th s old an im als th ro u g h o u t th e year. Actus frequencies are p lo tte d . © in d icates anim als from 4 to 8, ^ from 10 to 16, an d □ from 2 to 24 m o n th s old. A nim als k e p t on n o rm al d ie t are show n b y solid, th o se k e p t on reduce d ie t b y clear sym bols. T he age in m o n th s of th e y o u n g est a n d oldest an im als is given. Ti p airin g th re sh o ld or th e failure of chrom osom e p airin g w h en th e freq u en cy of nucleic aci s ta rv e d cells is abo v e 80 % is in d ic ated .
Diet and disease
The daily diet of the hamsters was composed of (a) rat cubes (supplied by tl North Eastern Agricultural Co-operative Society, Aberdeen), (6) nuts, (c) di biscuits, (d) green stuff or carrots, (e) milk and (/) water. An accurate assessmei of the daily food intake was impossible because of the hoarding habit of tl animals, but surplus food was usually present in the cages. They were fed dail; except on Sundays when milk and water only were supplied. In winter a few dro] of cod-liver oil were added to the food. My experience suggests that milk is £ important item in the diet of hamsters, for when the animals were deprived of it they soon showed signs of distress. Milk presumably supplies deficiencies of light or food in captivity, since it is absent from their diet in nature.
The effects of deficient or restricted diet were investigated in two series of experiments in which the food consisted of rat cubes and water only. In the first series, one testis of a hamster, previously kept on normal diet, was excised and fixed for analysis. Subsequently, such partially castrated animals were put on the restricted diet for various periods. They were then killed and the remaining testis was fixed. In the second series the animals were put on the restricted diet and partially castrated after different periods had elapsed. Then the animals were returned to normal diet for 3-4 months, killed and the second testis was fixed. 
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* Senile m ale an a ly sed d u rin g th e out-of-season period. M eiosis is arre ste d a t p a c h y te n e stage. t A n im al w as show ing signs of serious u n d ern o u rish m e n t.
The experiments were timed in order to analyse the animals at the peak of the full breeding season. The data obtained are shown in table 3 and graph 1. The simple diet increased the proportion of spermatocytes showing the unspiralized differential segment. The effect of the deficient diet was superimposed on the varia tions in nucleic acid charge due to age and breeding season. Moreover, the fre quency of spermatocytes showing depletion of the heterochromatin was correlated with the duration of malnutrition. Those animals which were kept longest on reduced diet showed the highest frequency of nucleic acid starved cells. In animals which were kept on the poor diet for 17 days, the number of spermatocytes showing the differential segment was increased from 17-5 to 51-1 %. The longest period spent on this diet by any hamster was 119 days (from December to April). At the end the animal (number 6) was emaciated and had lost considerable weight; the heterochromatin starvation had increased to 80-9 % in spite of the breeding season. In a senile male (number 22), kept on reduced diet for 2 months, spermatogenesis was completely arrested. Meiosis did not proceed beyond the pachytene stage. Table 4 contains data obtained from three animals all suffering from disease. Though they were kept on normal diet the intake of daily food was much reduced. There was an increase in the number of spermatocytes showing nucleic acid starva tion, but this may have been due partly to undernourishment and not to illness alone. One of the animals (number 23) had an enlarged liver and spermatogenesis was suppressed.
When spermatogenesis is restricted the nucleic acid charge is reduced even more and apparently its accumulated effects appear in three degrees: (1) nucleic acid starvation, (2) failure of chiasma formation and consequently metaphase pairing (3) failure of chromosome division and consequent failure to pass beyond the pachytene stage. This last may be due to nucleic acid starvation, but it may be caused by protein starvation since reduplication of chromosomes requires botl protein and nucleic acid. o f the hamster 323
Allocycly of the differential segment
Caspersson (1936), Claude & Potter (1943) and others have shown that the chromosomes are composed of desoxyribose nucleic acid and protein. The maximum nucleic acid charge is at metaphase, the minimum during resting stage. Because nucleic acid is stained with basic dyes, it is assumed to be lacking in chromosomes or chromosome regions which react negatively to these stains. Under the influence of various factors, particular chromosome regions show differential reactivity in respect of the nucleic acid which is attached and detached at different stages of division and at different rates from the normal. This behaviour, called 'allocycly' (Darlington 1941) , is a characteristic property of the heterochromatin and dis tinguishes it from euchromatin regions which are regular and consistent in their nucleic acid cycle (Pontecorvo 1944) . Allocycly of the differential segment of the sex chromosome of the hamster during meiosis is shown both by excess charge at prophase and deficient charge at metaphase.
The differential reactivity of heterochromatin in the chromosomes of plants and animals can be shown by cold treatment. In the chromosomes of animals, food starvation has been found to reveal such segments (Wickbom 1945) . In the hamster I have now found th a t not only nutrition (affected by diet and disease) but two others factors, i.e. age and breeding season, play a role in the nucleic acid metabolism and are responsible for the statistical variation in the nucleic acid charge of the heterochromatin in spermatocytes. I t seems th at whatever causes reduce spermatogenesis likewise reduce even more proportionately the formation of the nucleic acid necessary for spermatogenesis. The supply of nucleic acid or its precursors is, as it were, the dominating variable.
A competition for the nucleic acid or for its precursors was seen to be in operation between euchromatin and heterochromatin of the same cell in Trillium and Triton. In addition, in Cricetus it operates also between different cells adjacent to each other (plate 5, figure 5). W hat differences between the individual cells determine their success or failure in this competition? The obvious possibility lies in their position in relation to blood supply (Caspersson & Santesson 1942) . But no evidence for this was obtained. There is a variety of evidence, such as synchronous division of pollen grains (Barber 1941 (Barber , 1942 , spermatocytes (White 1935) and tumour cells (Roller 1943) , which shows th at adjacent cells can influence each other and can collaborate with each other in growth and in the nucleic acid supply necessary for growth. In pollen mother cells and spermatocytes this collaboration always seems to work for uniformity. Differentiation and its concomitant competition are unknown. It seems necessary to suppose th at the delicate balance of supply and demand in regard to the nucleic acid charge of the heterochromatin in the hamster reveals differences between cells which are concealed with any other discriminating test.
It is known that during rapid growth the demand for protein and nucleic acid is extremely great. In the fertilized eggs of plants and animals this demand is met r by a very high concentration of ribose nucleic acid, the conversion of which into desoxyribose maintains rapid cell multiplication (Caspersson 1936 (Caspersson , 1937 Brachet 1940; Painter 1943) . Similarly, in the young hamsters the supply seems to be in excess; it not only satisfies the demand but even leaves a margin to spare which makes the nucleic acid charge independent of external disturbances. I found nucleic acid starvation of the heterochromatin in young hamsters under abnormal, as well as normal, conditions to be negligible. If the thymus gland, which is present only in young animals, has some influence on the nucleic acid metabolism during growth, this could now be tested experimentally.
The rate at which nucleic acid metabolism is affected will be different for different tissues. In Trillium, after only 30 min. exposure at 0° C, nucleic acid starvation is said to be shown within the cell (Wilson & Boothroyd 1941) . In the liver cells of rats, Kosterlitz (1944) reported th at 1 day on protein-free diet leads to 15 % reduction in the content of nucleic acid and protein. This reduction was shown by Davidson & Waymouth (1944) to be due to a fall in the amount of ribose nucleic acid in the cytoplasm. The first effect of reduced diet on the heterochromatin in the spermatocytes of hamsters was observed after 17 days.
There are other questions apart from the four factors analysed which bear on the problem of nucleic acid starvation in the hamster. Of these the following are to be investigated. First, so far it is not known how much the decreased nucleic acid supply in the winter is due to the change in feeding and to the season. Secondly, ♦ it is not known what is the cause of the yearly variation which is indicated by comparison of data from 1942 to 1943. Thirdly, nothing is known of the special vitamin requirements of the hamster. Deficiency of specific vitamins rather, than reduced diet itself might be the primary factor in reducing the nucleic acid meta bolism. And finally, there are evidently genetic differences between strains which affect nucleic acid starvation. These additional factors cannot be identified by our experimental methods at present.
Chromosome behaviour and nucleic acid supply In the hamster, extreme nucleic acid starvation of the heterochromatin is frequently associated with a failure of pairing of the sex chromosomes and occasion ally th at of the autosomes. Now it is known th at post-pachytene pairing of chromo somes depends on chiasma formation which in turn depends on chromosome reduplication. It seems th at there is a threshold within the cell, and when the amount of nucleic acid falls below it, gene and chromosome reduplication is delayed and crossing-over will be prevented (graph 1). Thus the failure of metaphase pairing in cells with starved heterochromatin may well be due to the reduced nucleic acid supply. If the reduction is extreme, development of spermatocytes beyond the pachytene stage is arrested.
Indirect nucleic acid starvation of heterochromatin due to age, season and diet is never uniform in the cells of a particular tissue in animals. Intra-chromosomal and especially inter-cell differences were found to be much greater in the spermato-cytes of hamster than in the root-tip cells of Paris. It seems likely th at while nucleic acid starvation in Paris depends on the failure of conversion of desoxyribose from ribose nucleic acid, in the hamster starvation of heterochromatin depends on the restriction of the basic store of ribose nucleic acid in the cytoplasm. The inter-cell differences as seen in the hamster would then be due to differences in the distribution of ribose nucleic acid or its precursors in the tissue. The starva tion caused by cold, on the other hand, is invariable owing to the constant effect of temperature on a relatively limited and precise series of chemical reactions. The process responsible for the arrest of cell division by ionizing radiations is assumed to be a similar reaction but of much greater intensity than th at induced by cold treatment. I t has been suggested th at the reduction of ribose to desoxyribose nucleic acid is prevented by X-rays (Mitchell 1942) .
The heterochromatin, on account of its specific structure and reactivity, is a regulator of the nucleic acid metabolism during division and resting stage. It is responsible for maintaining equilibrium between demand and supply. This balance may be upset by external factors (temperature, nourishment), or by internal factors such as the addition of an extra hetero chromatic chromosome to the normal chromosome complex. I t is known th at such an addition is followed by an increase in the ribose nucleic acid content in the cytoplasm, e.g. in the egg of Drosophila (Caspersson & Schultz 1939) and leads to supernumerary division in Sorghum (Darlington & Thomas 1941) . Furthermore, increased nucleic acid content and increased rate of division in tumour tissue were shown to be connected (Cas persson & Santesson 1942; Roller 1943) . I t seems, therefore, th at abnormal chromosome behaviour and abnormal mitotic cycle can be attributed to a common cause, namely, to an excessive nucleic acid supply. Differences in nucleic acid supply also seem to be responsible for the cell differentiation in the development of blood in the bone marrow (La Cour 1945) . By studying the physiological control of cyto-chemical starvation, therefore, some light may be thrown on the abnormali ties of differentiation in the bone marrow which are associated with various types of blood disease.
The differential reactivity of the heterochromatin in the sex chromosome of the hamster and the abnormalities correlated with it under variable conditions provide yet another means of testing the functions of nucleic acid in the activity of the cell.
The experiments were carried out in the Institute of Animal Genetics, University of Edinburgh, and were aided by a grant from the British Empire Cancer Cam paign. The cytological analysis was completed in the Royal Cancer Hospital, London. The author is greatly indebted to Dr C. D. Darlington, F.R.S., for his help and criticism throughout the work. D e s c r i p t i o n o f P l a t e 5 F ig u r e 4. F irs t m e ta p h a se o f m eiosis show ing th e u n sp iralized differential seg m en t o f th e asy m m e tric a l sex b iv a le n t, x 2300. F ig u r e 5. F irs t m e ta p h a se of m eiosis in tw o sp e rm a to c y te s; in one th e differential segm ent o f th e A -bivalent is s ta rv e d of nucleic acid, in th e o th e r it is fu lly ch arg ed a n d th erefo re can n o t be identified, x 2300. F ig u r e 6. Meiosis in four sp erm a to c y tes. I n th e th ir d fro m th e left th e sex chrom osom es a n d som e of th e auto so m es are u n p aire d . T h e u n sp iralized d ifferen tial seg m en t of th e A '-chro m osom e is visible, x 2000.
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